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Abstract

Residential thermostats play a key role in controlling heating
and cooling systems. Occupants often find the controls of pro-
grammable thermostats confusing, sometimes leading to high-
er heating consumption than when the buildings are controlled
manually. A high degree of usability is vital to a programma-
ble thermostat’s effectiveness because, unlike a more efficient
heating system, occupants must engage in specific actions after
installation to obtain energy savings.

We developed a procedure for measuring the usability of
thermostats and tested this methodology with 31 subjects on
five thermostats. The procedure requires first identifying rep-
resentative tasks associated with the device and then testing
the subjects’ ability to accomplish those tasks. The procedure
was able to demonstrate the subjects’ wide ability to accomplish
tasks and the influence of a device’s usability on success rates. A
metric based on the time to accomplish the tasks and the frac-
tion of subjects actually completing the tasks captured the key
aspects of each thermostat’s usability.

The procedure was recently adopted by the Energy Star
Program for its thermostat specification. The approach ap-
pears suitable for quantifying usability of controls in other
products, such as heat pump water heaters and commercial
lighting.
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Introduction: Thermostats control a large amount
of energy

Residential thermostats play a key role in controlling heating
and cooling systems, especially for single-family homes. In
a typical home, the thermostat often controls over 30 % of a
home’s total energy consumption. As such, they control a large
amount of national energy use in North America and Europe.
In the United States for example, thermostats control about
9 % of national energy use (Peffer et al. 2012). With such a
large amount of energy at play, it is essential to understand the
thermostat’s technology, and the way in which the occupants
interact with them.

In 1995, the Energy Star Program established technical
specifications for “energy saving” programmable thermostats
(US. Environmental Protection Agency 2010). Many build-
ing codes and government programs now require installation
of programmable thermostats because of their assumed energy
savings. However, there have been few careful studies of the
energy savings attributable to these thermostats. Several recent
field studies have found no significant savings in households
equipped with programmable thermostats compared to house-
holds with manual thermostats (Cross and Judd 1997; Haiad et
al. 2004; Nevius and Pigg 2000; Michelle Shipworth et al. 2010).
Two other studies found that homes relying on programmable
thermostats actually consumed more energy than those where
the occupants set the thermostats manually (Sachs 2004), espe-
cially in homes with heat pumps (Bouchelle, Parker, and Anello
2000). Other studies in the United States, the United Kingdom
and Finland suggested that the thermostats were overly complex
and that consumers were unable to operate them in a way that
obtained energy savings compared to manually operated ther-
mostats. These findings coincide with a wealth of anecdotal evi-
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dence that occupants are baffled by programmable thermostats.
Asaresult, Energy Star terminated the thermostat endorsement
program in 2009 and decided that any future endorsement pro-
gram must include specifications for minimum levels of usabil-
ity. We describe below a method to measure a thermostat’s us-
ability. The method can be applied to other products where the
user interface is critical to the product’s performance.

The energy savings from programmable thermostats dif-
fer from installation of more efficient refrigerators or heating
systems. The purchase of an energy-eflicient product results in
energy savings without any further action by the consumer. In
contrast, programmable thermostats require further consumer
action to save energy: the occupants must program the ther-
mostats to shift to lower temperatures and re-set them when
schedules change. The literature survey and responses to our
own surveys (Meier et al. 2011) suggest that many consum-
ers believe that simply purchasing and installing an “energy-
saving” programmable thermostat will automatically result in
lower energy use. More intuitive designs, interfaces, and pro-
cedures will facilitate greater energy savings for all segments of
the population. This paper first describes earlier research into
usability of thermostats and then proposes a method for quan-
tifying usability in future thermostats.

The poor usability of thermostats has been
mostly ignored
The usability of thermostats has been the subject of relatively
little research even though it is a popular complaint and topic
for anecdotes. To be sure, thermostat manufacturers have un-
dertaken research into the effectiveness of their designs, but the
results have been mostly confined to proprietary reports. Man-
ufacturers consider any insights gained through their usability
studies to be a competitive advantage. Furthermore, manufac-
turers tend to focus on their own products rather than examin-
ing the effectiveness of different classifications of the devices.
A survey of the literature broadly dealing with thermostats
and usability was undertaken prior to this research effort (Mei-
er etal. 2010). Researchers have periodically commented about
usability problems associated with thermostats both when spe-
cifically examining thermostats or in the course of other re-
search. Table 1 summarizes the usability problems identified in
the literature. Surprisingly few comments have been made over

Table 1. Usability problems associated with programmable thermo-
stats identified in the literature adapted from (Meier et al. 2010).

Programmable Thermostats Complaints/Issues

PTs are too complicated to use

Buttons/fonts are too small

Abbreviations and terminology are hard-to-understand; lights
and symbols are confusing

The positioning of interface elements is illogical

PTs are positioned in an inaccessible location

Setting the thermostat is troublesome

It is difficult to set time and date

PTs give poor feedback on programming

PTs are not attractive to use

(Note: "PT" = Programmable Thermostat)
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the past twenty years, especially compared to investigations of
other components in heating and cooling systems.

An important concept is the mental model assumed by ther-
mostat users. Kempton (Kempton 1986) used ethnographic
methods to interview occupants and building supervisors to
derive insights. For example, many occupants treated thermo-
stats more like a valve rather than a switch. Thus, the occupants
expected heat to be delivered faster when they set higher target
temperatures. This led to energy-wasteful operating outcomes
because indoor temperatures would overshoot desired temper-
atures. Our own research indicates that this remains a popular
mental model (Pritoni et al. 2011).

Problems with thermostats have been observed in several
countries. In Finland, Karjalainen (2009) made qualitative and
quantitative surveys on thermostat use in homes and offices. He
concluded that many people had misconceptions about how
thermostats and their heating systems actually operate (such as
treating the thermostat as a valve rather than a switch) and that
they found thermostats too complicated to use with confidence.

In Britain, Rathouse and Young (Rathouse and Young 2004),
conducted six focus groups to investigate issues in use of heat-
ing controls. They found that many consumers had serious
misconceptions about the relationships between thermostat
settings, comfort, and energy use. Based on the users’ experi-
ences and complaints, Rathouse and Young formulated recom-
mendations for manufacturers and installers, including a pro-
posal that manufacturers offer products of varying complexity
to suit different needs. Conversations with manufacturers of
cooling and heating devices in Japan and Korea indicate that
usability is a problem with their equipment, too.

Consumer associations have evaluated thermostats in Eu-
rope and North America. Usability was typically one of several
factors considered in the overall ratings. These evaluations gen-
erally took place in conditions where usability problems would
be minimized. For example, when Consumer Reports (2007)
evaluated fifteen thermostats, the tests were conducted in a
well-illuminated room, by highly-trained panellists comfort-
ably seated at a table (a situation rarely encountered in homes).
Even then, the panellists found some of the thermostats dif-
ficult to use. Consumer magazines in other countries, notably
Germany (Stiftung Warentest 2008) and Sweden (Rad och Rén
2003) have also reviewed thermostats. Both reviews included
usability as a consideration but only in a qualitative sense. The
British Energy-Savings Trust endorses certain programma-
ble thermostats but its Central Heating System Specifications
(Energy Saving Trust 2008) do not include usability criteria for
“programmers” (e.g, programmable thermostats).

We concluded from our survey that a procedure to measure
and quantify usability would contribute to identifying thermo-
stat designs that aid consumers in finding energy-saving set-
tings, or at least not create an unneeded barrier. We therefore
created a test procedure to quantify the usability of thermostats.

A method to quantify usability

A TEST PROCEDURE BASED ON TASKS

We investigated the feasibility of quantifying usability of ther-
mostats through controlled interactions between people and
thermostats. Ideally, the test method should resemble an en-
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ergy test procedure, that is, be clearly defined, and have quan-

tifiable, repeatable, results. These measurements of usability

could then be used to establish a “usability score” which would

allow manufacturers, consumers, and regulatory agencies to

rank thermostats and establish minimum criteria for usability.
The measurement method involves two steps:

1. Define representative tasks to be accomplished with the de-
vice;

2. Measure people’s ability to perform those tasks under con-
trolled conditions using defined metrics.

The first step in measuring usability is defining the most com-
mon tasks associated with the space heating features of the
thermostat. A “task” might be as simple as ascertaining the sta-
tus of the thermostat; for example, “Identify the temperature
the thermostat is set to reach” Alternatively, a task might in-
volve changing the operation, such as, “Program the tempera-
ture to be 22 °C on Tuesday evenings at 7 PM.” We compiled a
list of tasks by studying the operating manuals and observing
and interviewing users. We also solicited recommendations
from manufacturers. Finally, we required that all standard pro-
grammable thermostats had the capabilities of accepting that
task. From this long list, we selected six tasks that a typical user
would need to understand in order to effectively operate the
programmable thermostat. The six tasks were:

Task 1: Turn the thermostat from “off” to “heat.”

Task 2: Set the correct time on the thermostat’s internal
clock.

Task 3: Identify the temperature the device is set to reach.

Task 4: Identify the temperature that the thermostat is set to
reach for Thursday at 9:00 PM.

Task 5: Put the thermostat in “hold” or “vacation” modes to
keep the same temperature while occupants are away.

Task 6: Program a schedule and temperature preferences for
Monday through Friday.

The above tasks are clearly defined and can be easily explained
to test subjects. Successful operation of a programmable ther-
mostat requires proficiency in other tasks but these are repre-
sentative; in other words, if users can perform these tasks, then
they can use the most important features of the thermostat. The
same approach could be applied to other sorts of controls, such
as lights or heat pump water heaters.

Our review of the literature found no earlier attempts to
quantitatively measure usability of thermostats or similar de-
vices. Therefore we were unsure which measurement (or met-
ric) would best capture the sense of usability. We sought to ob-
serve in detail and record six different aspects of usability with
which we might construct metrics of usability. The following
aspects were collected for each subject during each test:

e success or failure in accomplishing the task;
e eclapsed time to accomplish the task;
e number of times buttons were pushed (or other actions);

e sequence of actions;
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e hesitations; and
e verbal comments.

A good metric will successfully differentiate between skilled
and unskilled users and between intuitive and opaque inter-
faces. A metric could consist of one or a combination of these
aspects. By collecting all of this information, we could search
for the best metric. We recorded the sessions with a video cam-
era; this way we were able to convert the data collected on a
video record and quantify the characteristics listed above.

Our initial goal was to determine the viability of the task-
based methodology and the identification of the best metric.
Did the test procedure generate a significant range in the met-
rics? When applied to different thermostats, did the test proce-
dure generate a significant range in a metric? Finally, was one
metric superior to others?

DETAILS OF EXPERIMENT

Five programmable thermostats were selected for testing. Three
were primarily controlled through a touchscreen, one through
buttons, and one employed a web-based interface. The tests
were conducted at a usability laboratory. The laboratory set-up
was very simple (see Figure 1). A video camera recorded each
test in the vicinity around the thermostat (so the subject’s face
was not captured). The camera captured images similar to that
shown in Figure 2.

The subjects were mostly recruited through online classified
postings to sections for “creative gigs” and “labor gigs” in the
San Francisco Bay area. Two were recruited from a similar post-
ing to a university e-mail list. Participants came from varied
occupations and backgrounds, including construction work-
ers, business managers, non-profit staff, maintenance workers
and students. Participants were asked to rate their previous
experience with programmable thermostats. Seventeen people
reported their experience level as “low;” eight as “moderate”
and five reported having “no experience with programmable
thermostats” (one participant gave no response). In the end,
31 participants were recruited, ranging in age from 18 to 65.
Nine were female. All participants were given a small financial
incentive for taking part in the study.

Each subject was tested on two thermostats. Each test con-
sisted of six tasks. Altogether 62 tests were performed, consist-
ing of 372 tasks. The subjects did not receive any training prior
to being tested; however, an operating manual was placed on
a table next to the thermostat which they could consult if they
wished.

Results: Metrics of usability
A wide range of usability was observed. For example, in Task 1,
that is, switch the thermostat from off to set heat, 26 % of the
subjects were unable to accomplish the task at all. Figure 3 dis-
plays the completion fraction for each thermostat. For Thermo-
stat A, all subjects successfully completed the task. In contrast,
only 50 % of the subjects using Thermostat E completed the
task. Similar results occurred for the other tasks (but are not
presented here).

In Figure 4 the elapsed time for each subject to accomplish
(or fail to accomplish) Task 1 is plotted for each thermostat.
Some subjects were able to accomplish Task 1 in less than ten
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Figure 1. Laboratory set-up for measuring the usability of a Figure 2. Still image from a video of a subject performing
thermostat. Task 1.
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Figure 3. Fraction of subjects that successfully completed the Set Heat Task.
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Figure 4. Elapsed times for subjects to perform the Set Heat Task, including times for those who were not successful.
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Figure 5. Average elapsed times for subjects to complete Tasks 1, 2, and 3.

seconds. Most subjects were able to accomplish the task in less
than 30 seconds; however, over 30 % of the subjects required
31-120 seconds. (Note that two minutes can feel like a very
long time when standing in front of a thermostat trying to
switch on the heat.) These results indicate the range in the sub-
jects’ ability to perform this task. Similar results occurred for
the other tasks (but are not presented here).

The time for subjects to accomplish the task varied widely
for the same thermostat, too. For Thermostat C, one person
successfully switched on the heat in 20 seconds, while another
required 260 seconds. The remaining times were evenly dis-
tributed between the minimum and maximum times. Wide
ranges in elapsed time occurred for Thermostats C and E but
much less so for A, B, and D. Elapsed times for completion and
success rates do not have a clear correlation. Compare Ther-
mostat A, which had 100 % success rate and very low elapsed
times, to Thermostat E, which had a low success rate and a wide
range in elapsed times.

Thermostats D and E had hinged covers which concealed
some of the controls. Many subjects were unable to open the
cover or did not recognize that a cover existed, resulting in
more failures to complete. This illustrates how small design
differences can have large impacts on successful operation of
a device. Note that this task captures a subject’s first encounter
with the thermostat; the results could change once he or she be-
comes familiar with its operation. However, a continuing lack
of familiarity—or “forgettability”-may be a reasonable assump-
tion if occupants rarely interact with their units.

The results shown in Figure 3 and Figure 4 (and other results
not shown here) demonstrated that the methodology produced
a wide range of measured abilities of the subjects to perform
the task.

A second requirement for the task-based methodology is the
ability to quantitatively differentiate levels of usability among
thermostat interfaces. Figure 4 displays the range in elapsed
time to completion for accomplishing Task 1 with the five ther-
mostats. The figure demonstrates that the task-based method-
ology and the metric achieved clear differentiation among the
thermostats. The average time to accomplish Task 1 for Ther-
mostat E was roughly eight times longer than for Thermostat
A. Thermostats A and B were clearly superior (for this task)

because the subjects were able to accomplish the task quickly
and nearly all of the subjects successfully completed the task.
In contrast, the subjects accomplished Task 1 on Thermostat D
relatively slowly and a significant fraction were unable to com-
plete it at all.

The results were similar for other tasks. Figure 5 shows the
average elapsed times for Tasks 1, 2, and 3. A wide range in
average completion time was observed in all three tasks. The
ranking of thermostats changed slightly depending on the task
but, in general, a model with long average completion times for
one task had long completion times for other tasks. Note that
results for Tasks 4, 5, and 6 are still being evaluated but appear
to be similar to the first three tasks presented here.

Figure 4 and Figure 5 used the metric of elapsed time for
comparison of subjects and thermostats. Other metrics were
investigated, including, the percentage of subjects that com-
pleted the task, the number of button pushes, and the ratio of
observed button pushes divided by the minimum required.
We found that all of the metrics produced sufficient ranges in
results and all of the metrics generated the same ranking of
usability for almost every task. The consistency of these results
point to the robustness of the overall task-based approach to
measuring usability.

An improved usability metric

Average elapsed time for completion is an attractive metric be-
cause it is simple to understand and measure; however, elapsed
time is misleading since the metric ignores those who fail to
complete the task. We therefore explored a hybrid metric, com-
bining both elapsed time to complete and successful comple-
tion of the task. We also sought to develop a metric that would
be easier for manufacturers, regulators, and other stakeholders
to interpret and compare. A common drawback of many us-
ability metrics is that the value of the metric is unbounded and
varies from task to task. This creates confusion; it is not obvious
what value of a metric is “good” and the metric cannot be com-
pared on an absolute scale from one task or device to another.
For programmable thermostats, stakeholders need a single
measure of usability to facilitate consumer understanding and
to create an absolute scale of usability that is not dependent on
arbitrary task length.
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In order to create such a metric, we chose a variant of the
logistic function,

2
1+ e*

that maps [0, ) to the interval [1, 0). In other words, a shorter
time for completion is mapped to a value close to 1, and a long-
er time is mapped to a value closer to 0.

We also needed to account for success rates on a per-trial
basis (where a task “trial” is a single instance of a participant
performing a task on a thermostat model, also sometimes
called a “task observation”), rather than averaging over all tri-
als of a given task. In order to accomplish this, we incorporated
the task completion or success rate variable, s, directly into our
primary equation, which we called the “M” statistic. The “M”
statistic is calculated as follows on a per-trial basis:

2s

M= ——"_
L1+ e

where

x = t/k
_ {0, if subject failed to complete task
~ 1, if subject completed task
t = time for subject to complete the task (seconds)

k =50 (empirically determined constant)

Note that M will always be normalized between 0 and 1. The
success rate variable, s, also always falls between 0 and 1. It can
be a binary variable (where s = 1 if the task is completed and 0
otherwise), have multiple values for partial success (e.g. if the
task has several subparts that can be completed successfully),
or be a continuous variable that measures percentage of task
completion.

The M-statistic combines time to complete the task with
success of the trial in an intuitive manner: if the task is not
completed so that s = 0, the value of the M-statistic is 0. Intui-
tively, this means that if the task was not completed, it should
not matter how long the user spent attempting it; it is still a
failure. If, on the other hand, the task is completed successfully,
then the time on task weighs into the M-statistic. For example,
a shorter task duration will yield a higher value of M, a longer

Time and Success (TS) Metric

0.8

0.6

0.4

0.2

Time and Success (TS) Metric

B

A B Cc D E

Thermostat

Figure 6. Combined time and success metric for Tasks 1, 2,
and 3.
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task duration will yield a lower value of M, and an uncompleted
task will set M = 0.

We found that a metric combining time to completion and
success to complete was the most practical (which we called
the “time and success metric”). The results for the three tasks,
using the M-statistic (and k, = 50) are shown in Figure 6. An
analysis of variance (ANOVA) showed that, for the time and
success metric, the effect of thermostat model on usability was
significant at p < .01.

Figure 6 shows mean values, along with error bars at the
95 % confidence level. Both of the concepts, time to completion
and success to complete, are easy to understand. Furthermore,
they are easy to measure in a laboratory with relatively simple
equipment. These features make the time and success metric an
attractive metric for quantifying usability.

Discussion

Evaluating usability of products is commonplace; however,
most evaluations address usability of one-off items, such as
controls in airline cockpits and power plants or organization
of web pages. The typical procedure is to compare one version
against an improved version. To our knowledge, this is the first
quantitative usability test developed for mass-produced prod-
ucts. The test is intended to generate a value or score to dem-
onstrate that the product exceeds a minimum level of usability.

These preliminary results suggest that it is possible to quanti-
tatively evaluate the usability of thermostats. These results also
suggest that a usability score, based on a combination of tasks,
will be a meaningful indicator of overall usability. The results
are promising but further research is still needed in the areas
mentioned below:

e We tested several metrics of usability and found that they all
gave essentially the same rankings. We found that one met-
ric that combined time to complete, ability to complete, and
a logistic form made best use of the data and best captured
usability. Moreover, the data for this metric are relatively
simple to collect and are unambiguous. Other kinds of tests,
such as assessing the number of hesitations or corrections,
can provide insights into usability. Biological measures of
stress and frustration also deserve investigation.

¢ How many tasks need to be created to adequately represent
overall usability? Every test procedure is a trade-off between
realism, cost, and repeatability. We arbitrarily selected six
because it seemed about right.

¢ To what extent should the tests take into account subjects
learning and becoming familiar with interfaces? The sub-
jects’ performance might change dramatically if the tests
were immediately repeated. On the other hand, this may
not be a realistic situation if occupants perform these tasks
only a few times per year.

e How many people should be on a user test panel and how
should they be selected? These questions require guidance
from both statisticians and policymakers. On the statistical
side, we need large enough test panels to attain satisfactory
confidence in the results. Policymakers need to decide to
what extent elderly, handicapped, colour-blind, and non-
English speakers are included.
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e Repeatability is a key requirement for any test procedure.
We have not yet confirmed that the test results can be dupli-
cated in other laboratories.

e Can repeatability be improved by testing subjects on a “ref-
erence” interface in addition to the product under test? This
approach would lessen distortions caused by non-represent-
ative sampling.

¢ Does the test procedure stifle innovation? Thermostats are
undergoing rapid changes in both technologies and require-
ments. For example, can this test accommodate voice com-
mands or visual cues?

Energy Star is addressing many of these issues (U.S. Environ-
mental Protection Agency 2010) because it intends to include
a usability criterion in its next specification for programmable
thermostats (which it calls “climate control devices”). To our
knowledge, this Energy Star specification is the first applica-
tion of a quantitative usability requirement for the controls of
a device.

APPLICATION OF THIS APPROACH TO OTHER PRODUCTS

The task-based approach, as well as the metric, can be applied
to other devices where poor usability may impede energy-sav-
ing behaviour. Heat pump water heaters require sophisticated
controls so as to ensure maximum efficiency while meeting hot
water needs. At the same time, incorrect settings of these con-
trols can lead to greatly increased energy consumption. The
likelihood of incorrect settings is high because controls are
confusing and occupants are not familiar with this new device.
Figure 7 shows the controls for three commercially-available
heat pump water heaters.

Advanced lighting controls in commercial buildings pose
similar usability problems. Occupants will probably default to
a lights-on mode (if only for safety considerations) if a control
is too complicated to operate, which will result in unnecessarily
high electricity use.

Conclusions

We developed a laboratory test procedure to measure usability
of different thermostat interfaces. The test is based on subjects
performing a set of representative tasks needed to effectively
operate the thermostat. Our methodology successfully dif-
ferentiated people’s abilities to perform tasks and successfully
differentiated the usability of different thermostat interfaces.
These results assured us that the methodology is robust and will
allow manufacturers and regulators to quantify a thermostat’s
usability.

Energy Star recently proposed to use a slightly modified ver-
sion of this methodology in its new specification for Climate
Control Devices. Stakeholders are evaluating it and will soon
prepare responses. In addition, an independent test laboratory
is applying the procedure to the same thermostats in order to
confirm repeatability and to identify weaknesses in the test
procedure. In September 2011, Energy Star will release a speci-
fication for Climate Control Devices incorporating minimum
usability levels based on this research.

Minimum levels of usability could easily be added as another
criterion to minimum energy performance standards (MEPS)
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Figure 7. Controls for three residential heat pump water heaters
(source: Electric Power Research Institute).

for appliances. These minimum usability levels would ensure
that consumers would obtain a technically efficient product
while ensuring that operators could easily achieve the lowest
possible energy in a simple and transparent manner.

Quantifying usability is an attractive area for cooperative in-
ternational research. There remain numerous methodological
aspects to examine, such as size and composition of the test
panel, repeatability, and use of a reference interface, Research
to date has not revealed any unique national or cultural aspects
that would prevent sharing research results. No country has
established usability requirements for the controls of energy-
using appliances so this research would not interfere with regu-
latory activities already underway.

A more usable thermostat does not guarantee lower energy
use but a less usable thermostat certainly presents an obstacle
to reducing energy use. We assume that improving the usabil-
ity of thermostats will facilitate energy-saving behaviour. Other
kinds of programs still need to educate consumers about ap-
propriate settings and behaviours.
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